We have researched a U-shape structure that consists of three vertical cavities coupled with bus wave-guide. The theoretical results based on the coupled mode theory are consistent with simulation results. We demonstrate that the interaction among two bright and one dark modes lead to dual plasmon induced transparency. Meanwhile, it is found that the lateral displacement S plays an important role in the transmission property, and the transmission dip with different transmittance in various lateral displacement S has been explained theoretically. Moreover, the nano sensor has a sensitivity of 1225 nm shift per refractive index unit, and the figure of merit is up to 62.5. The proposed structure has the advantages of simple and compact structure, easy fabrication, and the ultra-compact structure holds great potential to the control of light in highly integrated optical circuits and nano sensor.
Introduction
Electromagnetically induced transparency (EIT), resulting from quantum interference between the excitation pathways to the atomic upper levels, occurs in atomic systems [1] , [2] . Due to the important applications in nonlinear optics, quantum information processing [3] , [4] , the EIT effect has attracted enormous attentions. However, the stringent requirements hinder its applications. Surface plasmon polaritons (SPPs) are electromagnetic waves coupled to free electron oscillations traveling along the metal-dielectric interface, which is considered as a promising candidate for integrated plasmonic devices [5] , [6] because of the capabilities of overcoming the classical diffraction limit and manipulating light in nanoscale domain [7] , [8] . Lately, metaldielectric-metal (MDM) wave-guide attracts researchers' great interest, because of the advantages of acceptable lengths for propagation distance, easy fabrication and wide available frequency range [9] - [13] . In recent years, many theoretical analysis and experimental results show that a plasmonic analog of the EIT can occur in resonator systems, which is knows as plasmon induced transparency (PIT) [14] - [18] . As is well known, the main approaches to realize PIT have two mechanisms, the one is the interaction between bright and dark modes [15] , [16] , [19] , [20] , where the former can be excited directly, and the latter can not, the other is phase coupling [21] . For example, He et al. theoretically researched the transparency effect in a nanoplasmonic wave-guide side-coupled with single bright mode and multiple dark modes resonators [15] . Similarly, Liu et al. experimentally demonstrated that the PIT can be observed in the planar metamaterial, which the two parallel slot cavities can be regarded as the bright mode and the horizontal slot cavity is the dark mode [16] . It is worth noting that due to the interaction between multi-modes, Li and Cao et al. reported that the single cavity and stub can also realize PIT, respectively [22] , [23] .
In this letter, a U-shape structure which consists of three vertical cavities coupled with bus waveguide, has been investigated numerically and theoretically. The simulation results based on finitedifference time-domain (FDTD) method agree well with theoretical results. Due to the interaction among two bright modes and one dark mode, dual transparency windows can be observed. It is found that the lateral displacement S plays an important role in the transmission property, and the transmission dip with different transmittance in various lateral displacement S has been explained theoretically. Moreover, the nano sensor has a sensitivity of 1225 nm shift per refractive index unit (RIU), and the figure of merit (FOM) is up to 62.5. The proposed structure has the advantages of simple and compact structure, easy fabrication, the ultra-compact structure holds great potential to the control of light in highly integrated optical circuits and nano sensor.
Structure
The U-shape structure is illustrated in Fig. 1 . The incident light is along the x direction with TM polarization (the magnetic field is parallel to the z direction). A TM-polarized wave is emitted from P in and propagates to P out , where P in and P out stand for input and output power flows, respectively. The transmission is defined as T = P out /P in . The orange area represents silver, whose complex relative permittivity is characterized by Drude model:
, where the dielectric constant ε ∞ = 3.7 at the infinite frequency, the bulk plasma frequency ω p = 1.38 × 10 16 rad/s, ω stands for the angle frequency of incident wave, the damping rate γ p = 2.73 × 10 13 rad/s characters the absorption loss [24] . L 1 , L 2 and L 3 stand for the length of cavity1, cavity2 and cavity3, respectively. w represents the width of three cavities and bus wave-guide. S and g respectively stand for the lateral displacement and gap between two cavities. In this paper, the values of w and g equal to 50 nm and 20 nm, respectively. Fig. 2(a) shows the transmission spectrum with U-shape structure. Interestingly, it is found that there are two dual-transparency windows in the spectrum. Obviously, two dual-transparency windows, respectively, locate between 500 nm to 550 nm and 720 nm to 880 nm. In order to research the insight of dual-transparency windows, we plot the magnetic fields of A, B, C, D and E, which correspond to the wavelength of 726 nm, 739 nm, 761 nm, 770 nm and 870 nm, respectively. To the magnetic fields of A, C and E, it is demonstrated that the most of power are concentrated in the cavity2 and cavity3 in the case of A and C, while the most of power are concentrated in the cavity1 and reflected back in the case of E, and result in a low transmittance. In contrast to the case of transmission dip, to the magnetic fields of B and D, it is clear that the light can pass through the bus wave-guide and manifest a high transmittance along with some of power concentrating in the U-shape structure.
Simulation and Discussion
As far as we known, PIT can realize resulting from interaction between bright and dark modes. The U-shape structure is component of L-shape and inverse L-shape, which respectively consists of cavity1 + 2 and cavaity2 + 3. The transmission spectra with L-shape and inverse L-shape are illustrated in Fig. 3(a) . In the case of L-shape structure (cavity1 + 2), it is found that a typical transparency window displayed, where the peak at 757 nm locates at between two dips at 732 nm and 870 nm. Analogously, there is a similar case to the inverse L-shape structure. Fig. 3(b) and (c) show the magnetic fields of A, B, C, D, E and F in Fig. 3(a) . To the inverse L-shape structure, the mechanism of transparency effect can be attributed to the interaction between bright and dark modes, where the cavity2 can be excited directly is the bright mode, and the cavity3 is the dark mode which cannot be excited directly [25] . What is worth mentioning is that two bright modes can realize transparency effect from Fig. 3(b) , which has been proved in previous reference [26] .
At the same time, a temporal coupled mode theory (CMT) is introduced to research the transmission features of the U-shape structure. In order to simplify the calculation, we just consider the L-shape structure (cavity1 + 2) coupled with bus wave-guide, and the propagation and coupling losses as well as the phase shift are neglected. When the light injects from left port of the bus wave-guide along the x direction (A +2 = 0), the temporal normalized mode amplitude a of cavity1 can be expressed as [27] , [28] 
Where ω 0 stands for the resonance frequency of the cavity1, k 0 , k 1 and k 2 respectively represent the internal loss of cavity1, the coupling loss to bus wave-guide and cavity2, which satisfy the relation k n = ω 0 /Q n (n = 0, 1, 2). Q n is the quality factor, and Q 1 is controlled by the distance between two cavities. The subscript ± represent two propagating directions. According to the energy conservation, the incoming and outgoing waves in bus wave-guide and cavity2 can be written as
The wave in cavity2 should satisfy a relation A +3 = A −3 e jθ , where θ = 4πRe(n eff )L 2 /2+ϕ is the phase shift for a round-trip in cavity2, and ϕ is the additional phase shift of cavity2. n eff denotes the effective refractive index which can be obtained from dispersion equation [25] . Based on the analysis above, the transmission of the L-shape structure can be derived as
It is worth noting from Fig. 3(d) that the simulated and theoretical results agree well. Moreover, the deviation can be attributed to the assumptions of neglecting the propagation and coupling losses as well as the phase shift.
Subsequently, we investigate the influence of the lateral displacement S on transmission. Fig. 4(a) , (b) and (c) display the transmission spectra of L-shape structure with different S. What needs to be pointed out is that the values of S are positive and negative when the cavity2 is above and below of the center of cavity1, respectively. According to Fig. 4(a) , (b) and (c), it is clear that the transmission dip (the red triangle) disappears gradually first and then emerges again. In order to search the potential mechanism of the abnormal phenomenon, the magnetic fields of A, B and C are plotted in Fig. 4(d) , (e) and (f), respectively. Obviously, when S = 0, the power is restricted in the cavity1 and bus wave-guide and can not couple into cavity2, the light can pass through the bus wave-guide and manifest a high transmittance. Moreover, it is found from Fig. 4(e) that the power in the center plane of cavity1 is very tiny and can not couple into cavity2. Contrary to the case of S = 0, when cavity2 is apart from the center plane of cavity1, a transmission dip emerges apparently, the power is focused in the cavity2 which results in a low transmittance.
According to the above conclusion, it is concluded that the lateral displacement S plays an important role in transmission properties. Fig. 5(a) shows the transmittance dip in L-shape structure with various lateral displacement S. The transmittance increases gradually with S increasing from −155 nm to 0, subsequently, the transmittance decreases obviously. In other words, the transmission dip disappear with S = 0, and the transmission dip appears again when the lateral displacement deviates from the center plane of cavity1. Fig. 5(b) illustrates the energy in slot cavity coupled with bus wave-guide. The length of slot cavity is represented by L. The bus wave-guide apart from the center plane of slot cavity is S. Just as illustrated in Fig. 4(e) , the stable standing waves can be excited when the resonance condition is satisfied [25] : = β m ·2L + θ = 2 mπ, where θ stands for the phase shift of a beam reflected on the up and down facets of the slot cavity. β m is the propagation constant of SPPs corresponding to the m st order resonance mode of the slot cavity. The input field E in inside the slot cavity is divided into two parts, the E up and E down , which have the relation of E
According to the superposition principle of optics [29] , power inside the slot cavity with a lateral displacement S can be described as:
Where the loss coefficient σ is the dissipation of the light propagating per round-trip in the slot cavity. In order to simplify the calculation, we neglect the phase shift θ, and = β m ·2 L = 2 mπ. For the first order mode (m = 1), the equation can be expressed as: For the second order mode (m = 2), the equation can be written as:
Based on these two equation, it is concluded that when S = 0, E 1 = 0. That is to say, the first order mode can not exist in the slot cavity. At the same time, the second order mode can exist in the slot cavity (E 2 ࣔ0). In turn, it is conclude from Fig. 4 (e) (S = 0) that the first order mode can not couple into cavity2, which means there is no transmission dip. Moreover, the first order mode can couple into cavity2 when S = 155 nm and −155 nm, which have illustrated in Fig. 4(d) and (f). These results have been proved in previous manuscript [30] .
As is well known, the transparency effect with steep line shape can be applied in sensor. The sensitivity (nm/RIU) which is expressed as Sensitivity = λ/ n [31] , is an important index to characterize the sensor performance, where λ and n respectively represent the wavelength shift and the variation of the effective refractive index in surrounding environment. When the surrounding environment changes from water to 25% glucose solution, the L-shape and U-shape structures can be served as a sensor by detecting the shift of the sharp PIT feature. The effective refractive index of water and 25% glucose resolution [16] are 1.332 and 1.372, respectively. As is shown in Fig. 6 , there is an obvious shift to the transmission spectrum when the medium changes from water to 25% glucose resolution. In Fig. 6(a) , it is clear that the dip1, peak and dip2 shift from 967 nm, 1004 nm and 1159 nm to 999 nm, 1034 nm and 1193 nm, respectively. Consequently, it is concluded that the sensitivity of dip1, peak and dip2 are 800 nm/RIU, 750 nm/RIU and 850 nm/RIU, respectively. Obviously, the sensitivity of dip2 is bigger than the sensitivities of dip1 and peak, which has been proved in previous reference [25] . To the U-shape structure, there are two transparency windows, with the changing of the medium, dip1, peak1, dip2, peak2 and dip3 shift from 960 nm, 983 nm, 1015 nm, 1023 nm and 1154 nm to 1009 nm, 1033 nm,1060 nm, 1076 nm and 1211 nm, respectively. The sensitivities of dip1, peak1, dip2, peak2 and dip3 are 1225 nm/RIU, 1250 nm/RIU, 1125 nm/RIU, 1325 nm/RIU and 1425 nm/RIU, respectively. In order to provide better quantification, another index figure of merit (FOM) is introduced to evaluate the sensor characteristics [32] . The definition of FOM is FOM = Sensitivity/FWHM, where FWHM is the resonance line-width at halfmaximum. According to Fig. 6(a) , to the L-shape, the corresponding FWHM of dip1, peak and dip2 are 62, 69 and 104, thus, the FOM of dip1, peak and dip2 are 12.9, 10.9 and 8.2. Analogously, the corresponding FWHM of dip1, peak1, dip2, peak2, dip3 in Fig. 6(b) are 44, 24, 18, 43 and 187, respectively. It is concluded that the FOM of dip1, peak1, dip2, peak2, dip3 are 27.8, 52, 62.5, 30.8 and 7.6. Due to introducing the cavity3, it is found that the single transparency window in L-shape structure split into two windows in the U-shape structure. Compared to the L-shape structure, due to the transparency window split into two transparency windows in L-shape structure, it is obvious that the U-shape structure not only yields the higher sensitivity, but also the maximum FOM. As far as we know, the sensitivity of the U-shape structure is higher than previous reports [33] , [34] . These excellent features will greatly benefit integrated optical devices.
Conclusion
To sum up, due to the interaction among two bright and one dark modes, dual-PIT can be observed in transmission spectrum in U-shape structure. And the simulation results are in good agreement with the theoretical results. Moreover, the results show that the lateral displacement S plays an important role in the transmission property, and the transmission dip with different transmittance in various lateral displacement S has been explained theoretically. Due to the transparency window split into two transparency windows, the sensitivity and FOM of the U-shape are higher than that of the L-shape structure. The sensitivity of the U-shape structure is up to 1225 nm/RIU and the FOM is about 62.5. The proposed model has the advantages of simple and compact structure, easy fabrication, which may provide guidance for fundamental research of the control of light in highly integrated optical circuits and nano sensor.
